nonionic surfactants is about 10 2 to 10 3 wt. % and the cloud point is observed at a concentration higher than the cmc, [10] [11] [12] [13] it can be assumed that the surfactant system is only composed of micellar aggregates in water and that the monomer effect on the cloud point may be neglected.Moreover, Rupert was also able to determine a correlation for alcohol ethoxylates giving the micellar aggregation number as a function of the hydrophobic chain length and the number of ethylene oxide units of the hydrophilic head group. However, this correlation is only applicable to pure ethoxylated alcohols. An attempt to apply the Flory-Huggins-Rupert theory to surfactant mixtures has been published by Inoue et al. [14] Now, common commercial nonionic surfactants, namely alkylphenol ethoxylates (C m UE n ) and alcohol ethoxylates (C m E n ), are always mixtures of chemical species differing by their alkyl chain length (m) and their number of ethylene oxide units (n). Thus, the modeling and prediction of the demixing curves of ethoxylated surfactant/water systems represent an interest for the cloud point extraction process. [12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In this work, we try to apply the model to commercial alkylphenol ethoxylates (C 8 UE n (n ¼ 7.5, 10, 12), C 9 UE n (n ¼ 8, 10, 12) and alcohol ethoxylates (C 12 E 4 , C 12 E 6 and Tergitol
15-S-7).
Thermodynamic analysis of water/polyethoxylated surfactant systems and cloud point modeling Let us consider a water/polyethoxylated surfactant system. Heating a solution of surfactant concentration M leads to clouding at a temperature T c (cloud point). Above T c , in the biphasic region, a coacervate of concentration a coexists with a dilute phase of concentration b (Figure 1 ).
Let l 1 co and l 1 d be the water chemical potentials in coacervate and dilute phase, respectively.
The water chemical potential in the dilute phase is considered being equal to the chemical potential of pure water (l 1 ), because this phase is extremely diluted. At equilibrium, these chemical potentials are equal:
Now, temperature, T, and pressure being constant, the chemical potential variation of the solvent is obtained by deriving DG M , the free energy of mixing (here corresponding to the free energy change due to micellar solution formation from pure water and pure surfactant [14] ) with respect to n 1 , the number of moles of solvent:
DG M is related to the enthalpy and entropy of mixing, DH M and DS M , respectively, by:
with, according to the Flory-Huggins theory [2] adapted by Rupert [9] and Inoue et al. [14] to water/surfactant systems:
where n m and / m are the number and volume fraction of micelles, respectively, n' 1 the number of lattice points which contain b water molecules (n' 1 ¼ n 1 /b), solvent volume fraction (/ 1 ) and w 12 an interaction energy parameter. b is thus the ratio of the volume of a segment (here a surfactant monomer) to that of a water molecule. Now:
where N is the aggregation number and n 2 the number of surfactant molecules (n 2 ¼ Nn m ). Combining Equations (2) to (7) yields (on the molar scale) [9] :
The third term (u 2 m w 12
RT ) in Equation (8) describes the deviation from ideal mixing behavior, which occurs as a result of the interaction of a segment with the solvent.
In fact, w 12 , which describes the segment transfer from hydrous micelle to system containing pure water and pure surfactant, is a free energy term, composed of enthalpic (H 12 ) and entropic (S 12 ) contributions, according to the following equation:
By introducing Equation (9) into Equation (8) and taking equilibrium conditions into account (l
we can then derive the expression of the cloud point temperature, T c , as a function of / m [9] :
Therefore, T c also depends on the surfactant/water interaction parameters and the micellar aggregation number. According to Flory's approach, [2] the solute volume fraction, / c m , at the minimum clouding temperature is related to the number of segments (here: N):
So:
Application to pure alcohol ethoxylate/ water systems It has been shown by Barry and Russel [28] that the logarithm of the aggregation number of alkyltrimethylammonium salts is linearly related to the carbon atom number in the hydrocarbon chain. On the basis of this finding, Rupert [9] established the following logarithmic relation for N as a function of the carbon number of the hydrophobic chain, m, and the number of ethylene oxide units, n:
He calculated w 12 at 50 C (as a reference case), H 12 and S 12 :
Application to a multicomponent system Equation (8), adapted by Inoue et al. [14] to mixture of water (1), surfactant A (2) and surfactant B (3), becomes:
x 2 and x 3 are the mole fractions of surfactants A and B in the mixed micelle and w 23 the free energy of interaction between the two surfactants in the micelles, At equilibrium, the demixing temperature of the mixture, T c , is given by the following equation:
Generalizing to a mixture of water and n surfactants, the equation becomes:
where w ij is the free energy of interaction between the surfactants in the micelles. In this work, Equation (20) was used to predict the cloud point of commercial surfactants.
Experimental

Chemical species
Alcohol ethoxylates, C m E n , are mixtures of polyethoxylated dodecanols containing residual alcohol. In the same way, alkylphenol ethoxylates are designated as C m UE n . TERGITOL 15-S-7 is a mixture of secondary alcohol ethoxylates with the average formula C 12-14 H 25-29 O(CH 2 CH 2 O) 7 H ('7' stands for the average number of ethylene oxide, EO, units, but actual EO numbers range between 3 and 40). Except TERGITOL 15-S-7, purchased from the Dow Chemical Company, the non-ionic surfactants used in this work were kindly provided by SEPPIC (Castres, France). C 12 E 4 (SIMULSOL P4) was a commercial sample; C 12 E 6 and alkylphenol ethoxylates (C 8 UE 7,5 , C 8 UE 10 , C 8 UE 12 , C 9 UE 8 , C 9 UE 10 and C 9 UE 12 ) were pilot-plant manufactured. The composition of SIMULSOL P4 and C 12 E 6 are illustrated in Figures 2 and 3 , respectively.
Cloud point measurements
The determination of the cloud point was carried out using a Mettler FP 900 apparatus, consisting of an oven, a control unit and several measuring cells. The temperature of the sample, placed inside a cell, was measured using a highly accurate Pt100 sensor (probe) placed in a small oven. In the lower part of the cloud point measuring cell, FP81C, an optical fiber can illuminate three samples. The residual transmitted light is converted into a proportional electric signal. The light transmission is measured continuously while the cell temperature increases linearly at the heating rate chosen. The cloud point is the temperature at which the solution becomes cloudy, as a result of the appearance of a second phase, inducing a transmission decrease.
Application of the thermodynamic model to multicomponent systems
Polyethoxylated alkylphenols
Aggregation number
The thermodynamic model can be applied to alkylphenol polyethoxylate/water systems. However, we need to first calculate the aggregation number, N from the minimum (/ m c ) of the experimental miscibility curve using Equation (11) . Experimental / m c and calculated N values are given in Table 1 . N values range from 154 to 25693. This result seems to be not realistic because of the large variation of the aggregation number. However, Rupert [9] also obtained similar variation in "N" values, between 5.7 and 24100, for C 4 E 1 and C 16 E 6 respectively. Therefore, the hypothesis of similarity between the segment number and aggregation number with regard to the cloud point phenomenon was assessed.
One can notice that the aggregation number (and thus micellar size) decreases as the ethylene oxide number (n) increases (Table 1) . However, at fixed n, micellar size increases with the carbon number in the hydrophobic chain (m). This is in agreement with the findings from the literature. [9, 28, 29] Hence, the aggregation number depends on surfactant structure. Thus, from data in Table 1 , a relation between N and the structural parameters, m and n, was determined:
log N ¼ 0:514mÀ0:413n þ 3:099 (21)
Thermodynamic quantities
The thermodynamic parameters, H 12 and S 12 were obtained experimentally in the concentrated surfactant part of the cloud point curve (Figure 1 ). Using the experimental values of T c and / m and applying Equation (10), we can obtain H 12 and S 12 ( Table 2) . From the data in Table 2 , it can be seen that the interaction quantities, H 12 and S 12 , increase with n and decrease as m increases. Therefore, the influence of the carbon number, m, and the number of ethylene oxide units, n, on H 12 and S 12 was evaluated and correlations between enthalpy and entropy as a function of the surfactant structure are established as follows: 
During the phase separation of a micellar solution, water molecules surrounding surfactant polar heads must be released, which leads to an increase in enthalpy and entropy. According to Inoue, [14] the positive coefficient of n in Equations (22) and (23) corresponds to this situation. It is likely that the hydrophobic chains contribute to decreasing the enthalpy as well as the entropy when the surfactant molecules are transferred from the micelles to the pure surfactant phase; this can be the reason of the negative coefficients for m. H 12 and S 12 are bound by an affine function. The correlation coefficients of the plotted straight lines of (H 12 ) calc and (S 12 ) calc vs. (H 12 ) exp and (S 12 ) exp are 0.9275 and .0.9280, respectively. Such a relationship between the enthalpy and entropy of interaction has been observed in some aqueous systems, e.g. protein denaturation [30] and micelle formation. [31] Miscibility curve The polyethoxylated alkylphenols being considered as pure species, the substitution of Equations (22) and (23) in Equation (10) leads to the relation between the cloud point, T c , and the structural parameters m and n: 
Figures 4a and 4b compare the calculated miscibility curves and the experimental values for the C m UE n surfactants. Although the presence of starting reagent and impurities can change the cloud point of commercial surfactants compared with pure species, the agreement between calculated and experimental values is satisfactory for surfactant Figure 3 . Distribution of the number of ethylene oxide units, n, in C 12 E 6 (SEPPIC data). Figure 7 . This curve almost coincides with the experimental demixing curve. At low surfactant concentration (less than 10% by volume), the experimental curve is below that calculated using Equation 20; this may be due to dodecan-1-ol which decreases the cloud point of nonionic surfactants. [32] Commercial C 12 E 6 The simplest method is to use Equation (17) and calculate the cloud point using the average formula (C 12 E 6 ) given by the manufacturer, supposing that this surfactant is a pure chemical species. In this case, the experimental and calculated curves are quite different, as shown in Figure 8 . However, the chromatogram provided for the pilot-plant C 12 E 6 sample shows that it is a mixture of 18 surfactants (C 12 E n , n¼ 1-18) and 4% of residual dodecan-1-ol ( Figure 3) .
Flory-Huggins-Rupert model adapted for complex surfactant mixture was applied to commercial C 12 E 6 . From Equations (15) and (16), we can calculate the terms P n i¼1 x iþ1 H 1ðiþ1Þ (equal to 2803.769 cal/mol) and P n i¼1 x iþ1 S 1ðiþ1Þ (equal to 8.955 cal/mol K). On the other hand, the term P n i;j¼2; j>i x i x j w ij is not simple to calculate, because it requires knowledge of the free enthalpies of interaction of all the possible combinations between the surfactants molecules of the mixture. The presence of dodecan-1-ol in the mixture complicates calculation, its free interaction energy with the surfactants in the micelles being probably different from that of the surfactant molecules between them. At this stage, this term remains an adjustable parameter. The value of P n i;j¼2; j>i x i x j w ij %280 cal/mol leads to a smaller deviation (<10% on average between calculated and experimental results as shown in Figure 9 . Again at low surfactant concentration (less than 10% by volume), the experimental curve is below that calculated using Equation ( chains are equivalent to shorter straight chains, as an approximation, the average formula, C 13 E 7 , was assumed for this commercial surfactant. Equation (17) was used to calculate the cloud point. Small deviations between calculated and experimental values ( Figure 10 ) justify the displayed formula.
Conclusion
The cloud point phenomenon has been studied using the Flory-Huggins theory, which was investigated by various authors and applied in particular by Rupert [9] to polyethoxylated alcohols. In this theory, an analogy between cloud point phenomenon and phase separation in polymer solutions was assumed. This theory interprets the clouding phenomenon for pure surfactant systems adequately. In this work, the cloud point curves of commercial polyethoxylated surfactants, which consist of a mixture of several pure surfactants, such as octylphenol, nonylphenol and alcohol ethoxylates, commercial C 12 E 4 and C 12 E 6 and Tergitol 15-S-7 (average formula: C 12-14 H 25-29 O[CH 2 CH 2 O] 7 H), were quite well predicted. This approach also correlates enthalpy and entropy of interaction with the structure of the surfactant. But, finally, at this stage, in spite of the effort considering the multicomponent feature of any commercial surfactant, the prediction of clouding properties still remains a challenge and it is still necessary to keep a fitting parameter allowing to take into account the complexity of the surfactant formula.
